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ABSTRACT  30 

Space-based observations offer a unique opportunity to investigate the atmosphere and its 31 

changes over decadal time scales, particularly in regions lacking in situ and/or ground based 32 

observations. In this study, we investigate temporal and spatial variability of atmospheric 33 

particulate matter (aerosol) over the urban area of Córdoba (central Argentina) using over 34 
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ten years (2003-2015) of high-resolution (1 km) satellite-based retrievals of aerosol optical 35 

depth (AOD). This fine resolution is achieved exploiting the capabilities of a recently 36 

developed inversion algorithm (Multiangle implementation of atmospheric correction, 37 

MAIAC) applied to the MODIS sensor datasets of the NASA-Terra and -Aqua platforms. 38 

Results of this investigation show a clear seasonality of AOD over the investigated area. This 39 

is found to be shaped by an intricate superposition of aerosol sources, acting over different 40 

spatial scales and affecting the region with different yearly cycles. During late winter and 41 

spring (August-October), local as well as near- and long-range transported biomass burning 42 

(BB) aerosols enhance the Córdoba aerosol load, and AOD levels reach their maximum 43 

values (> 0.35 at 0.47µm). The fine AOD spatial resolution allowed to disclose that, in this 44 

period, AOD maxima are found in the rural/agricultural area around the city, reaching up to 45 

the city boundaries pinpointing that fires of local and near-range origin play a major role in 46 

the AOD enhancement. A reverse spatial AOD gradient is found from December to March, 47 

the urban area showing AODs 40 to 80% higher than in the city surroundings. In fact, during 48 

summer, the columnar aerosol load over the Córdoba region is dominated by local (urban 49 

and industrial) sources, likely coupled to secondary processes driven by enhanced radiation 50 

and mixing effects within a deeper planetary boundary layer (PBL).  With the support of 51 

modelled AOD data from the Modern-Era Retrospective Analysis for Research and 52 

Application (MERRA), we further investigated into the chemical nature of AOD. The results 53 

suggest that mineral dust is also an important aerosol component in Córdoba, with 54 

maximum impact from November to February. The use of a long-term dataset finally 55 

allowed a preliminary assessment of AOD trends over the Córdoba region. For those months 56 

in which local sources and secondary processes were found to dominate the AOD 57 

(December to March), we found a positive AOD trend in the Córdoba outskirts, mainly in 58 

the areas with maximum urbanization/population growth over the investigated decade. 59 

Conversely, a negative AOD trend (up to -0.1 per decade) is observed all over the rural area 60 

of Córdoba during the BB season, this being attributed to a decrease of fires both at the 61 

local and the continental scale. 62 

  63 
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1. INTRODUCTION 66 

According to the latest report of the World Health Organization (WHO, 2013) particulate 67 

matter (PM) is among the most harmful pollutants for human health, particularly associated 68 

with heart attacks, cardiovascular and respiratory diseases strokes and cancer (Du et al., 69 

2016; Gharibvand et al., 2017; IARC, 2013). Nowadays, nearly half of the world population 70 

lives in big cities and is exposed to levels of airborne particles 2.5 times higher than those 71 

recommended by the WHO. To protect citizen health, Europe and North America pioneered 72 

the implementation of legislation to reduce emissions of PM from the 1970s (UNECE, 2004). 73 

Currently, several countries all over the world regulate and constantly monitor PM ambient 74 

levels. In particular, specific daily and/or annual thresholds are typically established for 75 

PM2.5 and PM10 (i.e., two metrics corresponding to the total mass of airborne particulate 76 

matter with mean aerodynamic diameter < 2.5 and 10 µm, respectively).   77 

In Argentina (South America), a continuous monitoring of PM is only available in its capital, 78 

Buenos Aires. In 2014, the Argentinian Secretary of Environment and Sustainable 79 

Development established a National Action Plan on Atmospheric Pollution (Res. 1327/14), 80 

which identifies the monitoring of atmospheric pollution as a main priority. However, 81 

differently from other countries in South America, no specific nation-wide regulation on PM 82 

currently exists to protect the population yet. 83 

As aerosols in the atmosphere are greatly variable in space and time (e.g. da Silva Palácios 84 

et al., 2016; Satheesh et al., 2017; Zhang et al., 2012), capturing this high spatial and 85 

temporal variability is particularly important (Chudnovsky et al. 2013a and 2014; Gupta et 86 

al., 2006). Again, most of the information currently available on levels and characteristics of 87 

PM and related effects on human health comes from studies focused on developed 88 

countries. With few exceptions (e.g., Andrade Filho et al., 2013; Reddington et al., 2015; 89 

Smith et al., 2014), this information is conversely scarce, in countries with low/medium 90 

income, whose population is even more vulnerable to air pollutant effects (WHO, 2010). 91 



In this context, the capabilities of the Earth observation from space offer a unique 92 

opportunity to fill gaps and expand spatial coverage of aerosol measurements, potentially 93 

enhancing our capability to estimate location-specific exposures to particulate matter.  94 

In the last two decades, the satellite prospective has been crucial in the understanding of 95 

PM-related, large-scale or regional phenomena such as continental and intercontinental 96 

transport of desert dust or biomass burning emissions (Ancellet et al., 2016; 97 

Athanasopoulou et al., 2016; Badarinath et al., 2007; Barnaba et al., 2011; Ben-Ami et al., 98 

2012; Chudnovsky et al., 2011; Kar et al., 2018; Markowicz et al., 2016; Qin et al., 2016; 99 

Stachlewska et al., 2018; Yu et al., 2015). Over the (smaller) urban and intra-urban scales, 100 

satellite data exploitation for PM-air quality evaluation studies has been attempted (e.g, 101 

Chudnovsky et al. 2013a; Guo et al., 2017; Gupta et al., 2013; Meng et al., 2016; Bilal et al., 102 

2017; Misra et al., 2017). Still, literature on this matter has been limited by the unsuitable 103 

(low) spatial resolution of most of the available aerosol-related satellite products, the main 104 

of which is the aerosol optical depth (AOD). This parameter optically quantifies the aerosol 105 

amount within the entire atmospheric column.  106 

Among the space-based remote sensing sensors with aerosol retrieval capabilities, the 107 

MODIS instruments flying on board the two NASA platforms Terra and Aqua are providing 108 

the longest datasets. In fact, Terra and Aqua were launched in 1999 and 2002, respectively, 109 

and are releasing continuous aerosol data since then (Kaufman and Tanré, 1998; Remer et 110 

al., 2005; Levy et al., 2007). The standard MODIS product provides AOD retrievals at 10 km 111 

spatial resolution, while a more recent, finer product at 3 km resolution has been released 112 

in 2015 (Remer et al., 2013). While such spatial resolutions have been extensively exploited 113 

for many regional-scale, aerosol-related studies (e.g., Barnaba and Gobbi 2004; Engel-Cox 114 

et al., 2004; Ichoku et al., 2002; Kharol et al., 2011; Tian et al., 2018 Yin et al., 2016; Zhang 115 

and Reid, 2010), these are yet not sufficient for applications requiring more spatial detail, 116 

such as the study of air quality within urban areas (Chudnovsky et al., 2014). Recently, a 117 

high-resolution algorithm (Multi-Angle Implementation of Atmospheric Correction, MAIAC) 118 

providing AOD at 1km-resolution was developed (Lyapustin et al., 2011 and 2012), thus 119 

representing a promising tool to investigate atmospheric particles variability at the city 120 

scale (Chudnovsky et al. 2013a). It has been already usefully employed investigating 121 



different areas of the world such as the United States (Chudnovsky et al., 2014; Lee H. et 122 

al., 2011; Lee M. et al., 2016), the Amazon region (Martins et al., 2018), Europe (Arvani et 123 

al., 2016; Emili et al., 2011; Stafoggia et al., 2017), the Middle East and Asia (Kloog et al., 124 

2015; Sever et al., 2017; Xiao et al., 2017).  125 

In this study, we focus on the urban area of Córdoba and its surroundings (central 126 

Argentina). Our main goal is the satellite-based characterization of the aerosol load and its 127 

temporal and spatial variability. The study also intends to contribute understanding 128 

whether space-based, remote-sensing data can be potentially used to infer information on 129 

the PM-related air quality status over the target region, given the scarcity of relevant in situ 130 

measurements. In fact, in the Córdoba area, there is no air quality monitoring currently 131 

underway by any governmental agency, and there is a serious lack of long-term aerosol 132 

observations. To overcome this deficiency, in this study we use over ten years (2003-2015) 133 

of space-based, remote sensing aerosol data in the attempt to disclose the processes that 134 

drove, and are currently driving, changes in atmospheric particulate loads over this 135 

populated city of Argentina and its surroundings. The work also includes a detailed accuracy 136 

assessment of the MAIAC AOD retrieval in the addressed region through an extended 137 

comparison with coincident ground-based, remote sensing AOD measurements.  138 

    139 

2. MATERIALS AND METHODS 140 

2.1 The study area  141 

   This study focuses over the area of Córdoba (31.1 - 31.6 ˚S, 63.9 - 64.5 ˚O), located in the 142 

center of Argentina (Figure 1a), in the plain of the Humid Pampa, about 30 km east of the 143 

Sierras Chicas hills (550 to 1800 m a. s. l., Figure 1b). The Córdoba city (31.39˚S - 64.18˚O) is 144 

the second largest of Argentina (1.3 million inhabitants, INDEC, 2017). The area has an 145 

irregular topography, with an increasing positive slope from the center towards the 146 

surrounding rural areas (Figure 1b, c), characterized by an intense agricultural activity 147 

(mainly soybean and, partly, maize). In the last 15 years, the Córdoba province experienced 148 

a major growth of soybean crops, with a 64% increase of the area cultivated in the period 149 

2000-2015 (National Ministry of Agricultural Industry, see Figure A1, Appendix A).  150 



   Industries are mostly located outside the city, the main activities being food processing 151 

and the automotive industry, including the manufacture of agricultural machinery, 152 

manufacture of vehicles parts and motorcycles.  153 

While a minor population growth has been registered in Córdoba in the last decades, this 154 

has been more remarkable in the nearby smaller urban centers (Figure 1d). According to 155 

demographic data, between 2001 and 2010, growth of the minor centers around Córdoba 156 

range from the +6% of Juarez Celman (JC), to the +144% of Mendiolaza (Md). 157 

Simultaneously, the vehicle fleet registered an over 90% increase during the decade 2002-158 

2012 (Figure A2).  159 

 Figure 1. a) Location of the Córdoba City (red dot) within Argentina and relative position of its capital, Buenos 160 
Aires (black square); b) The Córdoba area investigated in this study and relevant topography (color code), with 161 
indication of main water bodies (cyan), main roads (RP, RN and CV as black lines) and location of the smaller 162 
cities in the area: Malagueño (Mg), Villa Carlos Paz (VCP), Cosquín (Cq), Unquillo (Uq), Mendiolaza (Md), Villa 163 
Allende (VA), Juárez Celman (JC), Saldán (Sd), La Calera (C), Salsipuedes (Ss), Río Ceballos (RC), Malvinas 164 
Argentinas (MA). Position of the Córdoba AERONET site (red triangle) and of the National Weather Service 165 
Observatory (black circle) station is also reported); c) Landsat image of the area, and contours of three main 166 
zones of different land use (‘rural’, ‘hills’ and ‘urban’) used in this study; d) Population growth (%) in Córdoba 167 
and surrounding cities between 2001 and 2010 (source: National Institute of Statistics and Census).  168 



In this study, we define three main zones within the investigated area, namely ‘rural’, ‘hills’ 169 

and ‘urban’ (Figure 1c), selected on the basis of land use and geographical characteristics. 170 

The ‘rural’ zone comprises an area characterized by intense agricultural activity, the ‘hills’ 171 

zone is a natural area (no buildings and no agricultural activity), while the ‘urban’ zone 172 

corresponds to the highly urbanized Córdoba city area. 173 

 174 
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 211 
Figure 2. a) Monthly mean temperature (blue), relative humidity (red), wind speed (gray), and b) accumulated 212 

precipitation (blue squares) and number of days of precipitation (bars) at the Observatory station in the 213 
Córdoba city center (see Figure 1b). Data are from the National Weather Service and cover the period 214 
2003-2013. c) Planetary boundary layer (PBL) height derived from the MERRA model over the Córdoba 215 
area for the same period.  216 

 217 



From a meteorological point of view, the region is characterized by warm and rainy 218 

summers (December to February) and dry winters (June to August, Figure 2a, b). In spring 219 

(September to November), the temperature raise is also associated to an increase in both 220 

frequency and intensity of precipitations, as well as of wind speed, with flows mostly from 221 

N – NW (see also Figure A3).  222 

Height of the Planetary Boundary Layer (PBL, i.e. the atmospheric layer in which pollutants 223 

emitted at ground level are expected to be well mixed), ranges from less than 500 m to over 224 

1000 m a. s. l. (Figure 2c), well following the temperature yearly cycle.  225 

 226 

2.2 Datasets 227 

2.2.1 The MODIS-MAIAC algorithm and its application 228 

   The Moderate Resolution Imaging Spectroradiometer (MODIS) instrument, aboard the 229 

two Terra and Aqua satellites (NASA), acquires data in 36 spectral bands (wavelength range 230 

from 0.4 to 14.4 µm).  The bands are imaged at a nominal resolution of 250 m (bands 1-2), 231 

500 m (bands 3-7) and 1 km (bands 8-36). The ±55-degree scanning pattern at the 705 km 232 

orbit achieves a 2330-km swath, providing global coverage every one-to-two days (Remer 233 

et al., 2006). Since the instrument planning phase, specific retrievals have been set up to 234 

provide the aerosol optical depth over ocean and land globally on a daily base (Kaufman 235 

and Tanré, 1998), with constant improvements which currently allow to provide a 3 km-236 

resolved ‘standard’ AOD product (e.g., Hsu et al., 2013; Remer et al., 2006).  237 

   The MAIAC (Multiangle implementation of atmospheric correction) algorithm applied to 238 

MODIS processing Level 1 (L1) data allows to retrieve the AOD with a spatial resolution of 1 239 

km, which is compatible with the investigation of the aerosol variability at the urban-scale. 240 

A comparison between the standard 10 km- and 3 km- MODIS AOD with the 1 km MAIAC-241 

MODIS one over Córdoba is presented in Figure 3.  242 

   Full details of the algorithm can be found in Lyapustin et al. (2011 and 2012). Briefly, 243 

MAIAC provides aerosol optical thickness at 0.47 µm over both dark surfaces with 244 

vegetation and bright deserts. This greater spatial resolution is achieved by time series 245 

analysis and image-based processing of MODIS data. MAIAC algorithm derives the Spectral 246 



Regression Coefficient (SRC), which relates surface bidirectional reflectance factor (BRF) 247 

between the Blue (0.47 µm) and short-wave infrared (2.1 µm) bands. Once the SRC is 248 

obtained, the surface BRF in the blue band evaluated from the 2.1 µm channel, and AOD at 249 

0.47 µm (AOD470) is found by matching the measured reflectance with the theoretical 250 

values. 251 

 252 

Figure 3. Example of MODIS (Terra) AOD maps over Córdoba city and its surroundings for a single day 253 
(18/10/2013) at resolution of: a) 10 km (standard MOD04 product), b) 3 km (standard MOD04_3K product) 254 
and c) 1 km (MODIS-MAIAC product). Missing data (white pixels) in plots b) and c) were filtered out as 255 
associated to high uncertainty (UNC > 0.1), see text for details.  256 

 257 

   In this study, we use the MAIAC AOD470 product for MODIS Terra and Aqua to evaluate 258 

the spatial and temporal (13-year dataset, 2003-2015) variability of aerosols in Córdoba city 259 

and its surroundings. Terra and Aqua satellites overpass the Córdoba area between 10.00 260 

and 13.00, and 13.00 and 16.00 (local time), respectively. 261 

We pre-filtered MAIAC data in order to exclude from the analysis pixels with low confidence 262 

AOD values, screening out pixels likely contaminated by clouds or with too high surface 263 

brightness. Specifically, as over bright surfaces the AOD retrievals become uncertain due to 264 

a higher sensitivity to small errors in the surface reflectance, a first filter was set up to reject 265 

uncertainty pixel values (UNC) higher than 0.1. A second filter is based on the MAIAC quality 266 

assurance (QA) flag, which is defined based on detected presence of adjacent clouds. In 267 

fact, QA flag = 0 indicates no clouds in a range of 2 km, QA = 1 represents just one detected 268 

cloud, while QA > 1 means many adjacent clouds. The latter were filtered out in our study.  269 

 270 

 271 



2.2.2 AERONET data 272 

   To quantify the expected accuracy of the MAIAC AOD retrievals over the investigated area 273 

(see Section 3.1), we used ground-based AOD measurements from a sun-photometer 274 

located in the Teófilo Tabanera Space Center of the Argentina Space Agency (CONAE) in 275 

Córdoba (Córdoba–CETT site, 31.52˚S 64.46˚O, see Figure 1b). The instrument operated 276 

from October 1999 to December 2010 within the worldwide Aerosol Robotic Network 277 

(AERONET, Holben et al., 1998, https://aeronet.gsfc.nasa.gov/). AERONET is the most 278 

globally distributed network of ground-based sun-photometers, commonly used for 279 

validating satellite AOD retrievals (e.g., Gupta et al., 2013; Liu et al., 2004; Nichol and Bilal, 280 

2016; Omar et al., 2013; Remer et al., 2002 and 2005). AERONET data are provided at three 281 

data quality levels: Level 1 (L1, unscreened), Level 1.5 (L1.5, cloud-screened), and Level 2 282 

(L2, cloud-screened and quality-assured). To obtain AERONET L2 datasets pre- and post-283 

field calibrations are applied. Furthermore, the dataset is automatically cloud screened and 284 

manually inspected to assure the good quality of data. 285 

   In this study, we employed the AERONET Córdoba-CETT, L2 AOD dataset at 0.440 µm over 286 

the 8-year period 2003-2010. AERONET (‘ground truth’) data were compared to MAIAC 287 

retrievals following a quite standard approach that requires spatial and temporal co-288 

location between satellite and ground-based AOD measurements (e.g., Ichoku et al., 2002; 289 

Remer et al., 2005), thus assuming that aerosol is relatively homogeneous within a certain 290 

time-space boundary (Anderson and Charlson, 2003).  291 

   A recent work by Martins et al. (2017) reports an extended validation of MAIAC AOD over 292 

South America. In that study, the MAIAC performances where evaluated considering 19 293 

AERONET sites, and grouping them based on land-use characteristics. In that study, the 294 

performances of MAIAC over the Córdoba-CETT site were thus evaluated together with 295 

those of two additional sites characterized by a savanna/grassland soil type. 296 

   Spatial and temporal windows chosen here for the specific comparison in Córdoba are 297 

those identified by Martins et al. (2017) as having sufficient matchup for accuracy 298 

assessment. Therefore, we computed the MAIAC (Aqua and Terra) average AOD (at 0.470 299 

µm, AOD470) in a 25 × 25 km2 area around the pixel corresponding to AERONET station, with 300 

the average AERONET AOD measured within ±60 minutes of the MODIS overpass. 301 

https://aeronet.gsfc.nasa.gov/


2.2.3 MERRA model dataset 302 

To investigate the chemical nature of the aerosol components contributing to the AOD 303 

(Section 3.3), we used data provided by the Modern-Era Retrospective Analysis for Research 304 

and Application (MERRA, Rienecker et al., 2011). This is a reanalysis tool incorporating 305 

satellite and model data to reproduce spatially consistent observations of many 306 

environmental variables. In particular, MERRAero is an innovative tool to study aerosol 307 

pollution issues, especially in regions where reliable surface-based monitoring is scarce or 308 

unavailable (e.g., Kishcha et al., 2014 and 2015; Yi et al., 2015). The last version of the  309 

MERRAero algorithm, assimilates biased-corrected aerosol optical depth from the MODIS 310 

sensors (Aqua and Terra satellites) and provides chemically-speciated AOD data with hourly 311 

time resolution and 0.5° x 0.625° spatial resolution. MerraAero includes five major aerosol 312 

species, namely sulfate (SO4), particulate organic carbon (OC), black carbon (BC), mineral 313 

dust and sea salt.  314 

 315 

2.2.4 MODIS-derived Angstrom Exponent  316 

In our analysis we also used the MODIS-derived Angstrom Exponent (AE) as a cross-check 317 

of the Merra model results in terms of aerosol composition, and particularly with respect 318 

to the mineral dust component. In fact, the AE parameter is a measure of the spectral 319 

dependence of the AOD (approximately described as AOD() = AOD(0) (/0)-AE) and it’s 320 

inversely related to the average particle size (e.g., Schuster et al., 2006). Small particles (as 321 

those from urban pollution or biomass burning) are associated to AE > 1, while large 322 

particles (as mineral dust, ash, or sea salt) typically have AE < 1. This means that when AOD 323 

is dominated by coarse particles it tends to be spectrally neutral (i.e., it does not change 324 

with wavelength).  325 

MODIS atmospheric science team provides the Angstrom Exponent computed using AOD 326 

values at different wavelengths (0.412 and 0.470 µm) from the ‘Deep Blue’ algorithm. At 327 

many wavelengths of visible light, the contrast between aerosols and the surface is difficult 328 

to discern, but in the 0.412 µm band aerosol signals tend to be bright and surface features 329 

dark. The 0.412 µm band is sometimes referred to as the "deep blue" band, from which the 330 

algorithm gets its name.  331 



In this study we used the MODIS Level 3 AE over land (1°x1° spatial resolution, QA-332 

weighted product), derived using the Deep Blue algorithm (Hsu et al., 2013; Sayer et al., 333 

2013) to evaluate the advection of (coarse) mineral dust particles on a monthly basis and at 334 

the regional scale.  335 

 336 

2.3 Analysis of the intra and inter annual variability  337 

With the aim of investigating the AOD spatio-temporal variability, in this work both inter 338 

and intra annual analysis of the above described datasets were performed. In particular, 339 

intra-annual variability was assessed investigating monthly-resolved data aggregating years 340 

(e.g., Sections 3.2 and 3.3), while the reverse (yearly-resolved data, aggregating months) 341 

was generally applied to investigate inter-annual variability (trends) over the whole period 342 

2003-2015 addressed (Section 3.4).  343 

In terms of spatial variability of the aerosol fields, intra-annual analysis over the addressed 344 

region was evaluated using both monthly-resolved maps aggregating years and monthly-345 

resolved values aggregating years plus land use categories (Sections 3.2, 3.3). Inter-annual 346 

variability (trends) was mainly evaluated through yearly-resolved data, aggregating months 347 

and land use (Section 3.4).  348 

 349 

3. RESULTS AND DISCUSSION 350 

3.1 Assessment of the MAIAC AOD accuracy in Córdoba 351 

   Figure 4 shows the scatter plot of MAIAC vs. AERONET AOD data. Expected error due to 352 

the MODIS-AERONET wavelength shift (0.470 µm MODIS, 0.440 µm AERONET) is estimated 353 

to be within 20 % (considering an AE in the range 0.5 - 3). A synthesis of the parameters 354 

quantifying the accordance between the datasets is given in Table 1, this also including 355 

results of the data linear fit (y= a x + b). At low AOD, it is the bias rather than the slope that 356 

characterizes the accuracy (uncertainty) of satellite retrievals. For this reason, the general 357 

statistical evaluation includes characterization of both the slope and offset of regression 358 

(e.g., Liu et al., 2010, Xie et al., 2011, Martins et al. 2017, Wang et al., 2017, Zhang et al., 359 

2017). 360 



In general, our results show that there is a good agreement of both Terra and Aqua MAIAC-361 

AOD products with AERONET measurements, obtaining Pearson correlation coefficients 362 

rpearson > 0.8, and adjusted linear model coefficient R2
adj  ≥  0.70. 363 

 364 

 365 

 366 

 367 

 368 

  369 

 370 

 371 

 372 

 373 

 374 

Figure 4. Scatter plot of MAIAC AOD (0.47 µm) retrievals (25 × 25 km2 area, Aqua & Terra combined) vs 375 
Córdoba-CETT AERONET AOD at 0.44 µm (within ±60 min from the satellite overpass) over the period 2003-376 
2010. The continuous black line corresponds to the data linear fit (y= a x + b, see Table 1) while dashed lines 377 
to the AOD Expected Error [EE = ± (0.05 + 0.05 × AOD)]. Histograms on each axis show the relative frequency 378 
distribution of the data within different AOD bins.  379 
 380 

   Overall, even if the fit slope a is < 1, due to the positive bias, b, MAIAC tends to slightly 381 

overestimate AOD at low AOD values (< 0.2), these representing the majority within the 382 

Córdoba dataset (Figure 4).  383 

  Similar results by Martins et al. (2017) for the ensemble of sites sharing the same land-use 384 

type of Córdoba are also reported in Table 1 for direct comparison. As can be seen, the 385 

MAIAC-AERONET correlation coefficient found in this study for the Córdoba-CETT station is 386 

slightly lower than the one reported by Martins et al. (2017). More than 2/3 (~73%) of 387 

retrievals of Aqua and Terra data over Córdoba are within the expected error (EE) for MAIAC 388 

data proposed by Martins et. al (2017), i.e., EE = ± (0.05 + 0.05 × AOD) (see also Figure 4). 389 



Table 1. Statistics for Córdoba-CETT AERONET station AOD440 data vs MAIAC AOD470: total data (N), adjusted 390 
linear model coefficient (R2

adj), slope (a), intercept (b), Root Mean Square Error (RMSE= square root of the 391 
variance of the residuals) and Pearson correlation coefficient (rpearson).  392 

 

MAIAC (Córdoba) MODIS 3 km* MODIS 10 km* 

MAIAC (ensemble of 
Savanna/Grassland sites of 
Argentina, in Martins et al. 

2017)  

 
Terra Aqua 

Terra & 
Aqua 

Terra & Aqua Terra & Aqua Terra Aqua 

N 1480 715 2195 636 162 1232 1095 

R2
adj 0.70 0.69 0.70 0.45 0.35 - - 

a 0.75 0.82 0.79 0.55 0.35 - - 

b 0.05 0.05 0.05 0.01 0.03 - - 

RMSE 0.04 0.04 0.04 0.05 0.06 0.04 0.04 

rpearson 0.83 0.84 0.83 0.67 0.59 0.87 0.91 

* Arithmetic mean of the MODIS data that are co-located (within 27.5 km) with ground-based 393 
AERONET measurement (± 30 minutes). Source: https://giovanni.gsfc.nasa.gov/aerostat/. 394 

 395 

These MAIAC performances are also in line with those reported for other regions of the 396 

world. For example, Kloog et al. (2015) found rpearson = 0.85 between MAIAC/Aqua and 397 

AERONET data for Israel; Emili et al. (2011) reported a similar adjusted linear model 398 

coefficient (R2
adj = 0.67) in Ispra (Italy). Similar results were also found using AERONET sites 399 

in the East Coast of the United States (Lyapustin et al., 2011) and above arid (bright) areas 400 

surrounding the Dead Sea (Sever et al., 2017). Slightly higher correlations coefficients (up 401 

to r > 0.9) were found by Martins et al. (2018) comparing MAIAC-Terra to two AERONET 402 

sites in the Amazon in the period 2011-2015.  403 

To illustrate the advantages of the MAIAC high resolution, we also included in Table 1 the 404 

same statistical parameters obtained using the standard MODIS 10 km- and 3 km-resolution 405 

AOD550 product (MXD04 and MXD04_3k, respectively). As previously documented 406 

(Chudnovsky et al. 2013a and 2013b), MAIAC retrievals lead to a general better agreement 407 

with ground-based AOD measurements as well as provide much larger spatial coverage than 408 

conventional 10 and 3 km, supporting its potential in aerosol monitoring at urban and 409 

regional scales.  410 

 411 



3.2 Temporal and spatial AOD variability over Córdoba  412 

The yearly variability of the aerosol load over Córdoba as derived from MAIAC and 413 

AERONET data is illustrated in Figure 5. It refers to the whole period of coincident AERONET-414 

MODIS measurements, i.e. 2003-2010. Figure 5 highlights a clear annual cycle, with the 415 

highest values occurring in September-October (spring) and lowest values from March to 416 

July (autumn and winter).  417 

 418 

 419 

 420 

 421 

 422 

 423 

 424 

 425 

 426 

 427 

 428 

 429 

 430 

Figure 5. Box plots of AOD (2003-2010 period) obtained using the Córdoba-CETT AERONET AOD at 0.44 m 431 
(red bars) (only data within ±60 minutes from the MODIS overpass average) and MAIAC AOD470 retrievals 432 
(25x25 km average, blue bars) from Aqua (left panel) and Terra (right panel). The bold line in each box is the 433 
median AOD, upper and lower hinges correspond to the first and third quartiles (the 25th and 75th 434 
percentiles, respectively), while whiskers extend from the hinge to the value that is within ±1.5*IQR (inter-435 
quartile range) of the hinge.  436 
 437 

Although the seasonal AOD evolution is well captured by the MAIAC retrievals, as 438 

expected from Figure 4, Figure 5 shows a 20-30% MAIAC overestimation with respect to 439 

AERONET, mainly during those months with the lowest (May to June) and highest (August-440 

December) AOD values. Correlation of MAIAC and AERONET monthly medians for the whole 441 

period keeps however quite high (rMAIAC Aqua = 0.95, rMAIAC Terra = 0.93), indicating the good 442 

ability of MAIAC to reproduce the AOD seasonality. For comparison, the correlation 443 

decreases to 0.83 and 0.74 using the Aqua MODIS 3 km (MYD04_3K) and 10 km (MYD04) 444 

products, respectively.  445 



It is also worth noting that, since this study mainly addresses spatial and temporal 446 

variability of the MAIAC AOD (rather than its absolute value), the 20-30% overestimation of 447 

MAIAC with respect to the ‘ground-truth’ does not affect much our analysis and relevant 448 

conclusions. 449 

A small positive bias in MAIAC AOD gives a clear indication for the future improvement 450 

of MAIAC algorithm including its regional aerosol model assumptions. For the current 451 

practical applications, the bias can be characterized on a regional/seasonal basis, and 452 

possibly as a function of the land cover type (e.g., Martins et al., 2017), with the help of 453 

AERONET dataset.  One prototype for such approach of regional improvement of satellite 454 

dataset by using the machine learning has been recently proposed (Just et al., 2018).  455 

Overall, the AOD annual cycle illustrated in Figure 5 hides an intricate interplay of several 456 

factors, some of which can be easily identified, and some other being of more difficult 457 

interpretation.  The highest absolute AOD values recorded between August and October in 458 

Córdoba are a common feature in South America (SA), and are driven by biomass burning 459 

(BB) emissions at both the local and continental scale as widely documented (e.g., 460 

Argañaraz et al., 2015; Ulke et al., 2011; Videla et al., 2013). All over SA, fire is in fact the 461 

dominant method through which forests and vegetation are cleared to prepare and 462 

maintain land for agriculture, and both rural and urban populations are exposed to air 463 

pollution from open burning associated with agricultural practices (e.g., Jacobson et al., 464 

2014). Coupling fire counts and lagrangian modeling of atmospheric transport, Videla et al. 465 

(2013) estimated that in the burning season near-range fires (mostly within the Chaco 466 

woodlands of Argentina and Paraguay) contribute to 60-70% of the BB-related AOD in 467 

Central Argentina, the remaining 30-40% being almost entirely due to longer-range 468 

transport from the Brazilian Amazon and Cerrado regions. Locally, the Sierras Chicas (Figure 469 

1b) is among the most active fire areas in the Córdoba region (Argarañaz et al., 2015), which 470 

typically exhibits an August-to-November seasonality of fires (Miglietta, 1994).  471 

   Apart from the AOD values in the BB season, it is worth mentioning that the Córdoba AOD 472 

cycle, with summer maxima and winter minima (Figure 5), is rather typical in several other 473 

regions of the world (Barnaba et al., 2010; Gupta et al., 2013; Prasad et al., 2005; Sharma 474 

et al., 2011). Main factors driving this cycle are summer increase of secondary aerosol 475 



production, higher availability of water vapour in the atmospheric column and possible 476 

enhanced injection of soil particles due to stronger convection.  477 

To provide further insights into the results of Figure 5, and exploiting the MAIAC spatial 478 

resolution capabilities, we show in Figure 6 the AOD annual cycles derived for the three 479 

different zones identified in Figure 1c, i. e., over the selected ‘hills’, ‘rural’ and ‘urban’ pixels.  480 

 481 

Figure 6. Box plot of MAIAC AOD at 0.470 µm for the 2003-2015 period for the selected ‘urban’, ‘rural’ and 482 
‘hills’ areas (see Figure 1c). Meaning of each box element is the same of Figure 5.  483 

 484 

Figure 6 shows the three different regions to exhibit a similar annual cycle, with maxima 485 

in the warmest months and minima in the coldest ones. From November to March, the 486 

urban area clearly shows the highest median AODs values, almost doubling the ‘rural AOD’ 487 

in January. In principle, the difference between the ‘urban’ AOD and the ‘rural’ and ‘hills’ 488 

one could be used to quantify the impact of local, urban emissions with respect to the 489 

cleaner conditions of the city outskirts. However, from April to June we observe a local 490 

maximum of rural-AOD, this keeping higher than the ‘urban’ AOD up to September. This 491 

behavior is incompatible with the urban AOD being simply the sum of a ‘background AOD’ 492 

and ‘local pollution’. Rather, it points to an additional aerosol source, likely related to 493 



agricultural practices. Indeed, April- to-early June is the harvest period in the rural area, and 494 

many farmers burn the open fields to clear wheats instead of removing them manually. 495 

   The monthly-resolved spatial distribution of AOD in the addressed region (Figure 7) 496 

further contributes disclosing the points discussed so far. In Figure 7, we show the 1km- 497 

resolved, monthly-mean AOD values (MAIAC/Aqua) over the Córdoba region, covering the 498 

period 2003-2015. This detailed view clearly illustrates how much, and how extensively, the 499 

area is impacted by BB aerosol between August and October, leading to the maximum 500 

yearly AODs already commented in Figures 5 and 6. Furthermore, it allows highlighting that, 501 

in this period, maximum AODs are observed in the rural/agricultural area around the city, 502 

reaching up to the boundaries of the urban area (the ring road in Figure 7). Despite the 503 

different absolute values in the total number of fires recorded in the region with respect to 504 

other areas in South America (see Figure A4), this feature clearly suggests a major 505 

contribution to AOD of local and near-range fires, this superimposing to the one from long-506 

range BB. This is again in agreement with the results of Videla et al. (2013), who estimated 507 

an AOD contribution of long-range BB transport from the Amazon to Central Argentina of 508 

30-40%.     509 

   Figure 7 also discloses that the enhanced ‘rural’ AOD from March to June obtained for a 510 

limited area in Figure 6, extends all over the rural/agricultural area around the city, likely 511 

linked to the mentioned April-to-early June harvest period in this region. Earlier studies also 512 

reported higher values of PM10 observed in situ at backgrounds sites and at the borders of 513 

the city with respect to urban sites, this being attributed to the different land use, and to 514 

the dust transported by the wind (Olcese et al., 1998; Olcese and Toselli, 1998).  515 

   In the Hills area, AOD keeps the lowest of the whole region almost all year round, which 516 

is an expected effect of the coupling between higher elevation and minor emission sources. 517 

It is also interesting to note that this spatial gradient is still visible in the BB season. This 518 

further supports the major contribution of local and near-range fires to the observed AOD 519 

in the area with respect to the long-range transported smoke. In fact, this latter is rather 520 

expected to more uniformly impact over our study area, being the associated AOD mainly 521 

build up by aerosol extinction above the Córdoba PBL (e.g., Andreae et al., 2001; Baars et 522 

al., 2012; Huang, et al., 2015) 523 



524 
Figure 7. AOD-MAIAC (470 nm) monthly median for the 2003-2015 period over Córdoba city and its 525 
surroundings (Mg: Malagueño, VCP: Villa Carlos Paz, Cq: Cosquín, Uq: Unquillo, Md: Mendiolaza, VA: Villa 526 
Allende, JC: Juárez Celman, Sd: Saldán, C: La Calera, Ss: Salsipuedes, RC: Río ceballos, MA: Malvinas Argentinas, 527 
see also Figure 1).  528 



Out of the BB and of the harvesting season, a quite different spatial pattern is observed 529 

in Figure 7. In fact, from December to March the aerosol load is found to be 40 to 80% 530 

higher within the Córdoba urban area compared to its surroundings. In particular, in this 531 

period of the year, the highest AOD values (0.15 - 0.2) are shown to extend from the city to 532 

its outskirts along the main roads. The high MAIAC spatial resolution also allows detecting 533 

an enhanced AOD values over some other minor urban settlements in the area, particularly 534 

over Malagueño (Mg, southwest of Córdoba), and partially over both Villa Carlos Paz (VCP) 535 

and Cosquin (Cq), in the hills area (see Figure 1). It is worth mentioning that the hills to the 536 

east of Córdoba are an important touristic center in summer, accounting for about 20% of 537 

the total Argentinian tourism and reflecting into a great increase in local traffic (see Figure 538 

A5). For example, along the National Route 20 (RN 20, which links Córdoba city and Villa 539 

Carlos Paz, the main touristic city in the area) January has 40-65% higher levels of total 540 

traffic with respect to June. As mentioned, apart from these summer months, the hills 541 

region always show the lowest AOD loads in the investigated area, as expected.  542 

These results suggest that, in summer, the columnar aerosol load over the Córdoba 543 

region is dominated by local (urban and industrial) sources, likely coupled to secondary 544 

processes driven by enhanced radiation and PBL mixing (Figure 2c). Knowledge of the 545 

aerosol chemical composition would be necessary to support this interpretation, but 546 

available measurements on this aspect are also limited. Some few, previous studies on 547 

atmospheric pollution within the city revealed that the primary source of pollutants in 548 

Córdoba city is vehicular traffic (Olcese and Toselli, 2002). A study conducted from June 549 

1995 to April 1996 found a linear correlation between the amount of traffic and the 550 

measured CO and NOx at two urban sites (Olcese et al., 2001; Stein and Toselli, 1996). In 551 

terms of PM, a recent study by López et al. (2011) carried out over 10 months (July 2009 - 552 

April 2010) revealed that sources contributing to PM10 were traffic and oil combustion, 553 

while for PM2.5 these were, in order of importance: traffic, metallurgical industries, and 554 

construction activities. Nevertheless, for both PM2.5 and PM10, the most important 555 

contribution (in terms of mass concentration) was found to be re-suspended urban dust (up 556 

to 65% in PM10). Similarly, a recent study by Tavera Busso et al. (2017) investigating PM2.5 557 

elemental composition, confirmed the anthropic origin of particles as well as the significant 558 



contribution of dust resuspension, this latter revealed by the abundance of K, Ca, Fe, As and 559 

Pb. 560 

 561 

3.3 Chemical nature of aerosol particles: insights from the MERRA model 562 

To get some insights into the seasonally variable chemical nature of aerosol particles in 563 

our study region we employed the MERRA model data described in Section 2.2.3. This 564 

model-based approach revealed a non-negligible role of soil dust on AOD in Argentina. In 565 

Figure 8 (top row) we show the MERRA-derived, monthly mean (2003-2015) contribution 566 

of dust-related AOD over the country for the period November to February (i.e., the period 567 

of maximum dust impact). Figure 8 suggests mineral dust generated over the arid regions 568 

of the Andes to be an important source of long-range advected aerosol particles, reaching 569 

Córdoba transported by downslope winds. According to previous studies, additional 570 

potential dust sources in the Córdoba region are represented by the Laguna Mar Chiquita, 571 

a terminal saline lake located North West of the Córdoba province (Engelstaedter and 572 

Washington, 2007), and the eroded areas to the South (Otero et al., 2011). 573 

As a further, observation-based confirmation of the advection of dust particles in the 574 

Córdoba region, we show in Figure 8 (bottom row), maps of mean Angstrom Exponent 575 

derived over land using the MODIS Deep Blue algorithm (see Section 2.2.4). These maps 576 

provide evidence of the presence and transport of coarse particles (AE ≤ 1) from the Andes 577 

through the Córdoba region and down to the Buenos Aires area.   578 

Overall, these results indicate mineral dust to contribute to the November-to-March AOD 579 

over the whole area investigated. The enhanced AOD observed within the urban area of 580 

Córdoba and over the main roads (Figure 7) could therefore be (at least partially) related to 581 

dust particles resuspension by local traffic. This effect has been documented in Buenos Aires 582 

(Arkouli et al., 2010; Bogo et al., 2003) as well as in other areas of the world affected by 583 

long-range mineral dust transport (e.g., Amato et al., 2013; Barnaba et al., 2017). 584 

Verification of this hypothesis for Córdoba would require specific investigation with size- 585 

and/or chemically-resolved aerosol sampling in the area.   586 
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 614 
Figure 8. Top: Monthly mean (2003-2015) MERRA-model Dust-AOD at 0.550 m at 0.5 x 0.625° for the months 615 
from November-to-February (from left to right). Bottom: Monthly mean (2003-2015) Angstrom Exponent as 616 
derived over land using the Deep Blue Algorithm applied to MODIS-Aqua data, see text for details). The 617 
position of Córdoba (Cdba) and Buenos Aires (BsAs) is reported in both panels. 618 

 619 

To complete the picture, we show in Figure 9 the MERRA-derived results for all the aerosol 620 

components considered in the model. In particular, monthly mean (2003-2015) absolute 621 

and relative contribution to the total AOD of the five aerosol components (black carbon, 622 

organic carbon, dust, sea salt and sulfate) are shown in Figure 9a and 9b, respectively. 623 

 624 

 625 
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 639 
Figure 9. a) Monthly median (2003-2015) total (red) and component-resolved (Black Carbon, BC, Organic 640 

Carbon, OC, Dust, DU, Sea Salt, SS and Sulfate, SU, see color legend) AOD at 0.550 µm as reproduced 641 
by the MERRA model over the Córdoba region. Note the different scale for the total AOD (left Y-642 
axis) and the component-resolved ones (right Y-axis). b) Monthly- resolved relative contribution (%) 643 
of the different aerosol species to the total AOD.  644 

 645 

As expected, the BB season is well identifiable in terms of both absolute AOD and chemical 646 

components (increase of BC and OC values and relative, percent contributions from July to 647 

November, with maxima in August-October). Yearly cycles of sulfate (SU) can be seen as a 648 

proxy of components having a clear anthropogenic-origin and affected by secondary, 649 

radiation-driven processes. Contribution of sea salt keeps low (10%) all over the year.  650 

 651 

3.4 Year-to-Year variability and Trends 652 

   The use of long-term AOD datasets also allows evaluating possible trends over the 653 

targeted area. Although a detailed assessment of this aspect is beyond the scope of this 654 

work, a preliminary investigation is provided here. In Figure 10 we show yearly median 655 

values of AOD over the three selected regions of this study (‘urban’, ‘rural’, ‘hills’) covering 656 

the period addressed (2003-2015).  657 
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 659 

 660 

 661 

 662 

    663 



 664 

 665 

 666 

 667 

 668 

 669 

 670 

 671 

 672 

 673 

 674 

 675 

 676 

 677 

 678 

 679 

 680 

 681 

Figure 10. Annual median AOD MAIAC and data fit curve (red line). Red area show the 95 % confidence 682 
intervals of the fit, determined using Generalized Additive Modelling. The overall slope of the trend [and 683 
relevant 95% confidence intervals] are shown at the top of each panel. The ∗ symbol indicates that the trend 684 
is significant to the 0.05 level. 685 

 686 

      Figure 10 reveals a marked year-to-year variability of AOD in each of the three regions, 687 

and only suggests a (negative) significant trend over the ‘Hills’ area. However, as widely 688 

discussed throughout the text, the Córdoba region is characterized by quite different 689 

aerosol sources, each with a marked seasonality. Therefore, the use of yearly average (or 690 

yearly median) AODs could lead to misleading interpretations. For this reason, we examined 691 

possible trends using a monthly- and spatially-resolved approach, thus further exploiting 692 

the MAIAC capabilities.   693 

   In Figure 11, we show the monthly and 1km-resolved maps of the slope of the AOD linear 694 

fit over the 13-year period 2003-2015. We only included in Figure 11 those months showing 695 



the most interesting trends, i.e., those corresponding to boreal summer-early autumn 696 

(December to March) and to the BB season (August to November), the other, transition 697 

ones showing no particularly interesting trends. The usefulness of this approach is that it 698 

allows identifying regions in which there is a clear spatial coherence (i.e., robustness) in the 699 

derived trends. 700 

   Results of Figure 11 show a positive AOD trend in the Córdoba outskirts in those months 701 

(December to March) in which local sources and secondary processes dominate the AOD 702 

(see also Section 3.2), reaching up to +0.01/year. The increase is particularly evident in the 703 

proximity of the small centers of Malagueño (Mg, southwestern Córdoba) and in the 704 

northwestern area around Unquillo (Uq), Mendiolaza (Md), and Villa Allende (VA), this 705 

latter being the area with maximum urbanization/population growth over the 13-year 706 

period investigated (see Figure 1d). An opposite trend is found during the BB season (Figure 707 

11, right column) in which our results clearly indicate a negative AOD trend (up to -708 

0.01/year) all over the rural area of Córdoba, particularly marked in September, i.e., during 709 

the maximum intensity of the BB season. This is in line with the well-documented, policy-710 

driven decrease in deforestation rates and associated fires in the Amazon region (e.g., 711 

Aragão and Shimabukuro, 2010; Chen et al., 2014; Hansen et al., 2013; Macedo et al., 2012; 712 

Nepstad et al., 2014; Reddington et al., 2015). Although deforestation in Argentina is not 713 

slowing down as much as in Brazil (e.g., FAO, 2016; Hansen et al., 2013; see also Figure A6), 714 

we verified that a quite remarkable reduction in number of fires in the Córdoba province 715 

was registered in the 2003-to-2015 period (Figure A7). This decrease is also compatible with 716 

the agricultural expansion in the Córdoba region (e. g., Figure A1), a factor that has been 717 

shown to drive fire decline at both the regional (Aragão and Shimabukuro, 2010) and the 718 

global (Andela et al., 2017) scales. However, at this stage we are not able to establish in 719 

which proportion the local and continental-scale fires reductions contributed to the 720 

observed negative AOD trend over Córdoba. This aspect would certainly merit further 721 

investigation, which is however beyond the scope of the current study.  722 
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 755 

Figure 11. Monthly and 1km-resolved maps of the slope of the AOD linear fit (units/year) over the 13-year 756 
period 2003-2015. Gray areas are those in which the trend is not significant, p < 0.05. 757 
 758 

Interestingly, in Figure 11 the Córdoba city center does not show any particular feature (no 759 

significant trend), with the only exception in the month of September, in which AOD 760 

decrease reaches within the city area.   761 



Finally, Figure 11 also clarifies why we see no trend in the rural area in Figure 10b. In fact, it 762 

shows that positive trends in summer are to some extent balanced by the negative ones 763 

during the BB season. 764 

 765 

4 Summary and conclusions  766 

The scarcity of in situ and/or ground-based aerosol physical and chemical observations 767 

in Argentina is an obstacle that should be addresses to understand the processes that drove, 768 

and are currently driving, changes in atmospheric particulate matter and related impacts in 769 

this area. To contribute filling this gap, in this study we use over ten years (2003-2015) of 770 

high-resolution (1 km) satellite retrievals of aerosol optical depth (AOD) from the MODIS-771 

MAIAC algorithm to explore temporal and spatial variability of particulate matter loads over 772 

the Córdoba region (central Argentina).  773 

Results can be summarized as follows. 774 

1) The aerosol seasonal variability over the Córdoba region is driven by an intricate 775 

superposition of local and non-local sources, each having a different yearly cycle. In fact, as 776 

a common feature all over South America, local as well as near- and long-range transported 777 

biomass burning (BB) markedly enhance the Córdoba aerosol load during the burning 778 

season, in which AOD levels reach their annual maxima (0.37 at 0.470 m).  779 

2) The spatial detail of MAIAC retrievals helped understanding how extensively the 780 

Córdoba area is impacted by BB aerosol between August and October. Additionally, it 781 

allowed to unveil that, in this period of the year, maximum AODs are found in the 782 

rural/agricultural area around the city, reaching up to the city boundaries. This 783 

inhomogeneous pattern suggests a major contribution to AOD of fires of local and near-784 

range origin, this superimposing to the still important contribution of long-range 785 

transported smoke from the active Brazilian Amazon and Cerrado regions. In fact, this latter 786 

is expected to affect the whole region more homogeneously, as most of its aerosol 787 

extinction is above the planetary boundary layer.  788 

3) A reverse spatial gradient is observed from December to March, with AOD over the 789 

Córdoba urban area being 40-to-80% higher than in its surroundings. This indicates that in 790 

summer  the columnar aerosol load over the Córdoba region is dominated by local (urban 791 



and industrial) sources, likely coupled to secondary processes driven by enhanced radiation 792 

and PBL mixing effects.  793 

4) Additional to these local sources, our results suggest mineral dust to be an important 794 

aerosol component in Córdoba, with maximum impact from November to February. This is 795 

revealed by combining the MAIAC-derived AOD spatial variability within the Córdoba urban 796 

area (higher AOD in the city center and along the major roads, indicating a possible role of 797 

dust resuspension) with a country-scale analysis of a) the MERRA model AOD components 798 

and b) the MODIS-observed Angstrom Exponents.  799 

5) The use of a long-term AOD dataset allowed a preliminary assessment of trends over 800 

the investigated area. In those months in which local sources and secondary processes 801 

dominate the AOD (December to March), this analysis revealed a positive AOD trend (up to 802 

+0.01/year) in the Córdoba outskirts, particularly evident in the areas with maximum 803 

urbanization/population growth over the period investigated. Conversely, during the BB 804 

season our results clearly indicate a negative AOD trend (up to -0.01/year) all over the rural 805 

area of Córdoba. This latter result is compatible with the known, policy-driven decrease of 806 

Amazon deforestation (and associated BB) in the last decade as well as to the observed 807 

decrease in the number of fires of more local origin in the Córdoba area. At this stage we 808 

are not able to establish in which proportion the two effects (far-range and the near-range 809 

fire reductions) contribute to the observed AOD decrease trend in the Córdoba area, this 810 

leaving an interesting subject for further investigation. 811 

   Several studies recently exploited the MAIAC AOD retrievals to infer PM data at the 812 

ground (Kloog et al., 2015; Stafoggia et al., 2017; Xiao et al., 2017), and this would also be 813 

an interesting extension of the current study. However, our results highlight that caution 814 

should be used in attempting similar conversions in this area, at least in those periods in 815 

which non-local, long-range transported particles play an important role. In fact, 816 

atmospheric transport differently affects particulate matter loads at the ground level and 817 

aloft, thus differently impacting AOD (columnar) and PM (ground-level) values.   818 
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Appendix A.  1201 
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 1207 

 1208 

Figure A1. Total area of Córdoba province cultivated with soybean in the 2000 – 2014 period (Source: 1209 
National Ministry of Agricultural Industry).  1210 
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 1219 

Figure A2. Number of vehicles per year in Córdoba city (Source: Municipalidad de Córdoba, 1220 
http://gobiernoabierto.Córdoba.gob.ar) 1221 
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 1223 

Figure A3. Monthly wind roses for the Airport meteorological station. Data provided by the National 1224 
Weather Service and cover the period 2003-2013.  1225 
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 1245 

Figure A4. Five regions of South America (A, B, C, D1, D2, colored boxes, chosen for homogeneity with Videla 1246 
et al., (2013)), and the Córdoba province region within D1 (grey area); b) Mean number of active fires within 1247 
the 5 regions (left Y-axis) and within the Córdoba province only (right Y-axis) during the 2003-2015 period; c) 1248 
correlation between the monthly mean AOD in the study area and total number of active fires in the regions 1249 
B, C and D1, and their sum (number of active fires is from the MODIS product MCD14DL, Giglio et al., 2003). 1250 
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 1258 

Figure A5. Total vehicle transit recorded at the toll stations in National route 20 (see Figure 1b) during the 1259 
24 hours of the day in both directions of circulation (Source: National Directorate of Roads of Argentina, 1260 
data available for the years 2013, 2014, 2015, 2016) 1261 
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 1272 

Figure A6. Yearly values of Forest Land Area (unit = 1000 ha) as derived for Argentina (red bars, left y axis) 1273 
and Brazil (green empty bars, right y axis) over the period 2003-2015 (Source: FAO Statistics Division, Forest 1274 
Resource Assessment - FRA). Years with darker colour bars are those with official data, light colour bars are 1275 
FAO estimates (data available at http://faostat.fao.org/)1276 

 1277 

Figure A7. Monthly mean trend of the total number of active fires (from MODIS product MCD14DL) in Córdoba 1278 
province for the 2003-2015 period and data fit curve (red line). Red area show the 95 % confidence intervals 1279 
of the fit, determined using Generalized Additive Modelling. The overall slope of the trend [and relevant 95% 1280 
confidence intervals] are shown at the top of each panel. The *** symbol indicates that the trend is significant 1281 
to the 0.001 level. 1282 


